EPANET is one of the most widely used software packages for water network hydraulic modelling, and is especially interesting for educational and research purposes because it is in the public domain.
INTRODUCTION
Hydraulic models of water distribution networks are tools which are commonly used today in the operation and management of water utilities. Running different sets of simulations on a network model may provide valuable outcomes to help managers make the right decisions. Such simulations and decisions can relate either to normal network operation or exceptional situations. Actions such as improving the design of new network enlargements, or assessing automatic valve settings fall into the first group;
whereas foreseeing the hydraulic consequences of mains or pumping failures, or checking water supply capacity in the case of fire-fighting, fall into the second group. In addition, new applications continue to be developed. For example, network models have proven to be highly valuable in research on energy issues, such as the studies published by Boulos & Bros () and Cabrera et al. () .
The information needed to build a network model is clear. It basically includes knowledge of all the features of the system's physical assets, as well as the operational conditions of the dynamic elements. Information about water flows and consumption provided by the customer meter management system enables estimates of the magnitude and location of demand. Flow meters located at the network inlet points register the input water, and so total network water losses can be estimated through a water balance (Lambert & Hirner ) .
One software tool for water network modelling, which is widely used today, is EPANET (EPA ). Apart from its calculation capabilities in daily network management, EPANET is of particular interest for university education and research purposes because it is public-domain software. It has already enabled results to be successively achieved and published However, one of the main characteristics of EPANET is that its hydraulic calculation engine is demand-driven. The implication is that the data on water output at each node, defined as base demand, are input information that is needed to run each simulation. Flows in pipes and more importantly, pressures at nodes, are the simulation results.
Under such formulation, there is no functionality to When using EPANET for leakage modelling, the element most closely resembling a leak valve is the emitter, which presents an open valve to the atmosphere. Unlike a standard EPANET valve which is a link between two nodes, the emitter is a simple node element. Therefore, using emitters does not needlessly increase the model complexity with additional new nodes. The emitter behaviour equation is very simple
where Q j is the leakage flow rate at node j, P j is the pressure, K j is the emitter coefficient, and N is the pressure exponent.
This equation is consistent with the fixed and variable area discharges theory (May ; Thornton & Lambert ; Cassa & van Zyl ) , where the pressure exponent mainly depends on the predominant pipe material (0.5 for metallic pipes, 1.2 or greater for plastic pipes, and about 1.0 for different materials more or less equally combined).
In summary, the new approach begins by estimating the total network water losses, and then a two-stage method is used to model leakage. In the first stage, the spatial distribution of leakage is determined. In the second stage, the leakage is distributed among the nodes by calibrating the emitter parameters. The results are verified to ensure that the total amount of water leaked in the model is equal to that of the real network. A detailed description of the process is presented below.
Stage 1spatial distribution of leakage
The spatial distribution of leakage depends on the particular features and conditions of each network. Water leakage occurs physically in pipes. Therefore, each pipe needs first to be characterised according to the factors that influence leakage. Unlike the direct physical model (Equation (1)) used by Germanopoulos () and Giustolisi et al. () , the authors propose to characterise such influences in a more flexible way: each factor affecting pipe leakage is represented by a leak variable (γ), not a pressure coefficient;
and each pipe i in the model is characterised by a particular leak variable value (γ i ).
Assuming that leakage is uniformly distributed along each pipe (Germanopoulos ), then each γ i will be equally divided between both pipe nodes. All the half γ i values are then assigned to every node j from the pipes it connects, that is,
where m j is the number of pipes connected to node j.
Finally, each γ j is normalised by
where γ Net is the total sum of all γ i . The Г j thus obtained represents the relative importance of each node in terms of leakage, as compared to the whole of the network.
In simple cases, for example, a small network whose pipes are homogeneous, γ could be just the pipe length. In Stage 2calibration of emitter coefficients at network nodes
The second stage of the methodology consists of calibrating all the leak valve coefficients (Equation (2)) through an iterative process. One initial step consists of calculating a leakage coefficient for the whole network to be used in the first iteration
where Q Net,real is the real total network leakage over a period of 24 h, P Net is the average pressure of the nodes, and N is the pressure exponent. The second step is to distribute the network leakage coefficient among the nodes using the expression 
where 0.005 is suggested as a general value for ε. Depending on the difference Q (h) Net,model À Q Net, real , the network leakage coefficient for the next iteration (K Net (hþ1) ) is modified accordingly, and the sequence is repeated, from the second step on, until the convergence criteria is satisfied.
An illustration of the iterative process is presented in Figure 2 . 
NUMERICAL EXAMPLE 1 -USING EMITTERS
The network illustrated in Figure 3 supplies water to 25,000 people through 8,000 service connections. Figure 4) ; the total water demand computed through aggregation is 3,500 m 3 /day (40.5 L/s). The total leakage estimate is 1,600 m 3 /day (18.5 L/s) and is calculated using a simplified water balance (network input ¼ consumption þ leakage); therefore, the average water efficiency is 68.5%. There is a fairly balanced combination of pipe materials in the network and so the pressure exponent is assumed to equal 1.1. The network pressure is about 40 m on average and about 15 m during peak demand time.
To illustrate the application of the method, leakage was modelled in two different ways, which were then compared.
Model M1 is obtained by assuming the total network leakage (18.5 L/s) as an additional steady demand at each node (2.055 L/s) with no time pattern. Model M2 introduces leakage using the proposed method.
Two numerical examples are provided below. In this first example, attention is only focused on the procedure for emitter calibration, and the only criterion considered for the spatial distribution of leakage is pipe length. Consequently, the value for γ i for each pipe is simply the pipe length in metres. Table 3 shows the γ j for each node, as well as the resulting Г j .
Considering the average network pressure of 40 m, K Net has an initial value of K (1) Net ¼ 18.5/(40) 1.1 ¼ 0.319. The first value for each emitter coefficient (K (1) j ) is shown in Table 3 . After the iterative process (nine iterations in this case), the final values were obtained for the emitter coefficients (K (9) j ) as presented in Table 3 .
Model results comparison under usual operating conditions
One of the key variables to assess the validity of a hydraulic model is the network pressure after a simulation. 
Model results comparison under an unusual operating condition
Unusual operating conditions could be difficult to foresee, and when simulated, they may make models produce results that are not always valid. Single pipe closing was tested for M1 and M2. A 24-hour simulation was performed after closing each single pipe of the network.
Assuming that water consumption is unaffected by the consequences of such closings, node pressures after the simulations were examined in search of a negative value at any hour. The results are summarised in Table 5 as the number of nodes with negative pressure values after each pipe shut-off. If that number is greater than zero, the model does not pass the pipe-closing test. The conclusion is that M2 is sufficiently robust for up to four pipes in the pipe closing test (L9, L10, L8 and L5),
whereas M1 fails in all cases.
NUMERICAL EXAMPLE 2 -SPATIAL DISTRIBUTION OF LEAKAGE
To illustrate the procedure for the spatial distribution of leakage, the network information was enhanced. In addition to pipe length, the number of service connections and failures were considered as leakage factors in the analysis. Table 6 shows the values of the coefficients γ k , i which were assigned to each leakage factor and pipe. While the number of service connections has simple direct coefficient values, the number of failures per year was considered in a more comprehensive way. The reason is that an oversimplification, such as 
CONCLUSION
This paper presents a method to assist modellers in the task of simulating leakage in water distribution networks. The advantages of this method are that it enables a spatial distribution of leakage throughout the network and the adaptation of EPANET's use of emitters (mainly intended for nozzles or sprinklers) for modelling leakage in a hydraulically consistent manner. Furthermore, the spatial distribution is flexible enough to take into account and combine different leakage factors that the modeller may find relevant in the network and in the manner considered most appropriate. The calibration of the emitter coefficients is solved using a straightforward iterative method and a software tool is provided as an additional aid.
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